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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-612 

RANGE OF DENSITY VARIABILITY FROM SURFACE 
TO 120 KM ALTITUDE 

0. E. Smith and H. B. Chenoweth 

SUMMARY 

A re-entry space vehicle development program, such as Project Apollo, 
requires a knowledge of the variability of atmospheric density from the 
surface of the earth to re-entry altitude (120 km). This report summarizes 
the data on density given in the most recent literature on the subject. 
The range of atmospheric density with respect to the ARDC 1959 Model 
Atmosphere is determined and shown graphically. 

From the surface to 30 km altitude abundant information on density 
is available. From 30 to 90 km altitude the summarized reports of obser- 
vations made at a limited number of stations have been used. Between 90 
and 120 km altitude the density is somewhat speculative, there being but 
few measurements available. Therefore, the qualitative values for the 
variability of density above 30 km must be considered tentative. 

Variations of atmospheric density by latitude and seasons made it 
necessary to develop a family of curves rather than a single profile. 
Three curves are presented to show the range of density deviation versus 
altitudes with respect to the ARDC 1959 Model Atmosphere. Each curve 
is used for a specific latitude range and season. 

INTRODUCTION 

Statement of the Problem 

There exists a need to know the variation of atmospheric density 
with respect to a standard density profile for the purpose of flight 
mechanical and aerodynamic heating studies in relation to Project 
Apollo and other re-entry bodies. 
to state the variations of density in terms of confidence limits rela- 
tive to a standard density profile, this is not possible. Statistical 
methods do not permit a valid determination of variances using a 
heterogeneous sample, such as would result by combining frequency dis- 
tributions of density from different locations taken at different times. 
Furthermore, sufficient data have not been accumulated to determine 

While it would be most desirable 
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var i ances  f o r  a g r e a t  number of l o c a t i o n s  above 30 lun. 
another  approach t o  t h e  problem must be made. 

Therefore ,  

A Proposed F i r s t  Approach 

A proposed approach is t o  determine t h e  range of d e n s i t y  v a r i a b i l i t y  
wi th  r e s p e c t  t o  a s t anda rd  d e n s i t y  p r o f i l e  (i.e.zARDC 1959). 
approach is a t t r a c t i v e  because of c e r t a i n  r e s t r i c t i v e  c o n d i t i o n s  
imposed. 
as follows ( r e f .  36): 

This  

The r e s t r i c t i v e  c o n d i t i o n s  a p p l i c a b l e  t o  P r o j e c t  APOLLO are 

a. 

b. 

C. 

d. 

e. 

f .  

Re-entry occurs  a t  a n  a l t i t u d e  of approximately 120 km. 

The r e -en t ry  body performs a maneuver i n  t h e  60 t o  80 km 
a l t i t u d e  regions.  
t ude ,  ascends t o  80 km, and t h e n  proceeds t o  impact. 

The range from r e - e n t r y  
34 degrees  of l a t i t u d e .  

The o r i e n t a t i o n  of t h e  f l i g h t  pa th  r e l a t i v e  t o  geograph ica l  
c o o r d i n a t e s  of t h e  earth is  unknown. 

The coord ina te s  of t h e  impact are unknown. 

The time of y e a r ,  month, and day f o r  t h e  o p e r a t i o n  are  
unknown. 

It descends from 120 lan t o  60 km al t i -  

t o  impact is  e q u i v a l e n t  t o  about  

The above c o n d i t i o n s  make it necessary t o  determine a d e n s i t y  pro- 
f i l e  t h a t  is r e p r e s e n t a t i v e  f o r  any l a t i t u d e ,  l ong i tude ,  a l t i t u d e ,  
season, and t i m e  of day. The magnitude of t h e  range of d e n s i t y  v a r i a -  
b i l i t y  must a l s o  be determined w i t h  r e s p e c t  t o  a r e p r e s e n t a t i v e  atmos- 
pheric  d e n s i t y  p r o f i l e .  

Th i s  approach w i l l  be developed, s i n c e  it i s  t h e  only a v a i l a b l e  
p r a c t i c a l  method. 

A Proposed Second Approach 

A proposed second approach is t o  e s t a b l i s h  r e f e r e n c e  d e n s i t y  pro- 
f i l e s  f o r  l a t i t u d e s ,  seasons,  and t ime of day. A more r e a l i s t i c  d e n s i t y  
p r o f i l e  and v a r i a b i l i t y  than  e s t a b l i s h e d  by t h e  first approach could be 
achieved i f  t h e  r e s t r i c t i o n s  d ,  e ,  and f i n  paragraph above could be removed. 
It may be p o s s i b l e  from t h e  p re l imina ry  e v a l u a t i o n s  based on t h e  d e n s i t y  
p r o f i l e  i n  t h e  first approach t o  determine t h e  approximate a l t i t u d e  
range and f l i g h t  mechanical r e l a t i o n s h i p s .  T h i s  information,  t o g e t h e r .  
w i t h  a removal of r e s t r i c t i o n s  d ,  e ,  and f ,  would make it p o s s i b l e  t o  
p re sen t  a more r e f i n e d  d e n s i t y  d t i t u d e  and d e n s i t y  v a r i a b i l i t y  r e l a t i o n -  
s h i p  f o r  a p a r t i c u l a r  operat ion.  



LIST OF TABLES 

Table Page 

I Thermal Model of the Atmosphere ....................... 4 

I1 Ionosphere Model ...................................... 5 

111 Number Densities for Analytical Model of Thermosphere . 6 

IV Typical Low and High Latitude Summer and Winter Density 
Profiles .............................................. 11 

V High Altitude Measurement of Atmospheric Parameters ... 14 

VI Density Deviation Summary ............................. 15 

LIST OF ILLUSTRATIONS 

Figure 

1 Comparison of ARDC 1956 and 1959 Model Atmospheres .... 17 

2 Range of Density Deviation from ARDC 1959 Model 
Atmosphere for Northern Hemisphere .................... 18 

3 Idealized Range of Density Deviations from ARDC 1959 
Model Atmosphere ...................................... 19 

. 4  Maximum and Minimum Density Variability Inferred from 
Thermoelectric Properties ............................. 20 

5 Amplitude of Diurnal Density Variation, Day Positive- 
Night Negative ........................................ 2 1  



3 

This  second approach w i l l  n o t  be developed f u l l y  i n  t h i s  r e p o r t ,  
s i n c e  it i s  in t e rdependen t  on many f a c t o r s  i n  t h e  f i r s t  approach. 
However, t h e  second approach w i l l  be s c r u t i n i z e d  and developed i n  a 
gene ra l  form. A s p e c i f i c  form would involve s t u d y  i n c o n s i s t e n t  w i th  
t h e  p re l imina ry  n a t u r e  o f  t h i s  r e p o r t .  

A Proposed Third Approach 

A t h i r d  approach i s  t o  e s t a b l F s b  a dens i ty  p r o f i l e  by u t i l i z i n g  
o b s e r v a t i o n a l  and p r e d i c t i o n  techniques.  To be u s e f u l  i n  P r o j e c t  
Apollo, t h e  p r e d i c t i o n  must be v a l i d  ove r  a f ive-day period. 
requirement  p r e s e n t s  d i f f i c u l t i e s .  Our present  knowledge o f  t h e  atmos- 
phere above 30 km a l t i t u d e  i s  based upon e x t r a p o l a t i o n  o f  a tremendous 
amount o f  d a t a  i n  t h e  f i r s t  30 km wi th  very l i t t l e  d a t a  above t h a t  l e v e l .  
The p r i n c i p a l  s i t e s  a t  which atmospheric dens i ty  measurements above 30 km 
have been made and which a r e  a v a i l a b l e  f o r  r e fe rence ,  are l i m i t e d  to :  

This  

a. Fo r t  Church i l l ,  Canada 

b. Wallops I s l a n d ,  V i r g i n i a  

C. White Sands Missile Range, New Mexico 

d. Guam 

e. Woomera, A u s t r a l i a  

f .  Cape Canaveral ,  F l o r i d a  

g. Fo r t  Greeley, Alaska 

L i m i t a t i o n s  of  measuring accuracy, frequency o f  measurement, a l t i t u d e  
range, sampling area, and coord ina t ion  o f  measurements prevent  t h e  t h i r d  
approach from being p r a c t i c a l  a t  t h i s  t i m e .  

SUMMARY OF THERMODYNAMIC RELATIONSHIPS I N  THE ATMOSPHERE 

Thermal Model o f  t h e  Atmosphere 

Before d i s c u s s i n g  t h e  observed v a r i a b i l i t y  o f  ambient d e n s i t y  and 
t h e  p o s s i b l e  mechanism whereby t h e  d e n s i t y  changes wi th  t i m e ,  i t  appears  
a p p r o p r i a t e  f i r s t  t o  review t h e  nomenclature o f  an atmospheric model 
based on temperature  and ion  concentrat ion.  The thermal model summarized 
i n  t a b l e  I i s  t h e  model considered most d e s c r i p t i v e  f o r  t h e  purpose of  t h i s  
r e p o r t .  The d a t a  i n  t a b l e  I were based on N i c o l e t ' s  work ( re f .  21). 

It should be noted t h a t  t h e r e  i s  a wide d i f f e r e n c e  o f  opinion 
on t h e  a l t i t u d e  r e g i o n s  which comprise the s t r a t o s p h e r e  and mesosphere. 
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For example, Chapman (ref. 32), in measurements based on temperature, 
restricts the stratosphere to the layer between 8 and 22 km and the 
mesosphere to the region between 22 and 90 h. 

TABLE I 

THERMAL MODEL OF THE ATMOSPHERE 

Region 

Earth's surface 

Trosposphere 

Tropopause 

Stratosphere 

Stratopause 

Mesosphere 

Mes o paus e 

Thermosphere 

Thermopause 

Description 

Temperature 275 2 20 K 

Temperature decreases with altitude. 
Altitude, 0 to 13 5 km 

Temperature minimum, 210 20 K 
Altitude, 13 2 5 km, decreasing from 
equator to poles 

Temperature increases with height. 
Altitude, 13 i 5 to 50 5 km 

Temperature maximum, 273 20 K 
Altitude, 50 i 5 km 

Temperature decreases with height. 
Altitude, 50 2 5 to 85 2 5 km 

Temperature minimum, 190 2 25 K 
Altitude , 85 2 5 km 

Temperature increases with height. 
Altitude, 85 f 5 to 175 km with the 
upper limit not firmly established 

The beginning of an isothermal layer 
at 175 lan altitude 

Electron Density Model of the Atmosphere 

The ionospheric region is generally considered to begin at 60 lun 
altitude and to extend upward to 600 km altitude. However, due to the 
wide variation of the heights of the layers of maximum ion concentra- 
tion (denoted as D, E, F;, F , and B suggested G region), it is diffi- 
cult to establish fixed altitude limits for these regions within the 
ionosphere. The model given in table I1 is taken from Murgatrogd (ref. l! 
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TABLE I1 
IONOSPHERE MODEL 

Layer (Region) Height (km) Electron Densities cm- 3 

D 

E 

F1 

F2 

60 - 100 
90 - 120 
160 - 220 
250 - 500 
about 600 

4 

5* 

1.5 x 10 

1.5 x 10 

2.5 105 

1.5 x lo6 

3 . 0  x 106 

*The high electron density of about 3.0 x 106 electrons 
~ m - ~ ,  known as "Sporadic E-Region," of ten exists locally 
in patches near 120 km altitude. 

Composition Model of the Atmosphere 

The ARDC 1956 and 1959 Model Atmospheres are Based on the assump- 
tion that the air is homogenous in composition up to 90 km altitude. 
Above 90 km the molecular scale temperature is used to define the 
ideal gas relationship. However, the text for the ARDC 1959 Model 
Atmosphere (ref. 17), suggests that the mean molecular weight used for 
the 1956 Model Atmosphere is probably more representative of the actual 
atmosphere for low latitudes. This would be in agreement with Nicolet 
(ref. 20) who concludes that dissociation over Fort Churchill appears 
to begin near 80 km in July and 96 km in March. As of December 1959, 
no direct measurement for temperature had been made above 80 km (ref. 
ZO), and pressure had not been measured above 120 km. 
been measured above 120 km. Therefore, no atmospheric model yet 
exists which is related by observed values of temperature, pressure, 
density, and composition for altitudes between 80 to 120 km and above. 

Only density has 

Bates (ref. 2) has generated values of density in the altitude 
region 120 to 80 km from analytically derived values for the composi- 
tion. In the equations defining composition he assumes for 120 km 
diffusive equilibrium, a given temperature, and a vertical temperature 
gradient. The resulting density profile is in reasonable agreement 
with satellite data. From these and other assumptions, Bates gives 
the number densities of 0, 02, and N2 for altitude and temperature 
as shown in table 111. 
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TABLE 111 

A 1  ti tude 
Z 

(W 

120 

140 

160 

180 

200 

250 

300 

350 

400 

450 

500 

6 00 

7 00 

800 

NUMBER DENSITIES 
FOR 

A N A L Y T I C A L  MODEL OF THERMOSPHERE 

Temperature 
T W  
(K) 

380 

776 

938 

1003 

1031 

1048 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1.8 x 10l1 

4.7 x 1o1O 

2.6 x l o lo  
1.7 x l o l o  

1.1 x 1o1O 

4.9 l o 9  
2.1 lo9 
9.4 x lo8 

1.9 x lo8 

4.2 x lo8 

7 

7 

6 

6 

8.8 x 10 

1.9 x 10 

4.4 x 10 

1.0 x 10 

3.95 x l o l l  

2 lo9 
9 x lo8 

0.4 x lo8 

7.9 lo7  
1.5 lo7 

5.6 x 1g9 

6 3 x 10 

6 x lo5 
1.2 lo5 
2.6 104 

1.2 lo3 
1 6.4 x 10 

3.6 

2.4 x lo1' 
4 x 101( 

1.6 x lo1( 
7.8 x 10 9 

4.1 lo9 

2.2 x lo8 

1.3 lo7 

8.2 lo5 

5.7 lo4  
4.3 103 

3.5 x lo2  

8 9.2 x 10 

7 5.2 x 10 

3.2 x lo6  
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Radiation and its Control of the Atmosphere 

Theoretically it is possible to determine the thermal structure of 
the earth's atmosphere, and thus infer the density structure, if one 
can obtain satisfactory solutions to three physical equations. 
equations, as stated by Schocken.(ref. 26) are as follows: 

These 

a. An equation of state: 

p RT = MP. 
b. An equation of hydrostatic equilibrium: 

dP = -g dz 
c. An equation of radiative transfer: 

where: 

P =  pressure 

R = universal gas constant 

!d = molecular weight 

T = temperature 

g = acceleration of gravity 

z = geometric height 

K, = mass absorption coefficient 

I,, = intensity of pencil of radiation 

Ju = source function 

S = thickness of atmospheric layer in direction of 
propagation 

P = density 

v = frequency of pencil of radiation 

At the present time three factors preclude satisfactory solutions 
to these equations. 
observational heterogeneity of the data and, therefore, (3) a lack of 
knowledge of the distribution functions and boundary values involved 
in the differential equations. 

These factors are (1) insufficient basic data (2) 
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VARIABILITY OF DENSITY RELATIVE TO A STANDARD DENSITY 
PROFILE - FIRST APPROACH 

Choosing a Standard Density P r o f i l e  

The p r i n c i p a l  r e f e r e n c e  s o u r c e s  of a tmospheric  i n fo rma t ion  f o r  t h e  
upper s t r a t o s p h e r e  and h i g h e r ,  are t h e  ARDC 1956 and ARDC 1959 Model 
Atmospheres. These are i n  g r e a t  disagreement f o r  a l t i t u d e s  above 50 h. 
The d e n s i t y  d a t a  f o r  t h e  ARDC 1956 and ARDC 1959 Model Atmospheres are 
compared i n  f i g u r e  1 by expres s ing  t h e  d i f f e r e n c e  percentage d e v i a t i o n  
from t h e  ARDC 1959 va lues .  For example, t h e  ARDC 1959 d e n s i t y  i s  18% 
higher  t h a n  t h a t  of t h e  ARDC 1956 a t  120 km a l t i t u d e  and becomes 90% 
lower a t  300 km a l t i t u d e .  Discrepancies  between sa te l l i t e  d a t a  and t h e  
ARDC 1956 v a l u e s  r e s u l t e d  i n  t h e  1959 r e v i s i o n .  The r e l a t i v e  d i f f e r e n c e s  
between t h e  ARE 1956 and t h e  ARDC 1959 v a l u e s  f o r  t empera tu re ,  p r e s s u r e ,  
mean molecular weight ,  and d e n s i t y  are shown i n  f i g u r e  1. 

It is now t h e  consensus of op in ion  by a u t h o r i t i e s *  i n  t h e  f i e l d  
t h a t  t h e  i so the rma l  l a y e r  f o r  bo th  t h e  ARDC 1956 and t h e  ARDC 1959 models 
beginning at 11 km ( g e o p o t e n t i a l  k i l o m e t e r s )  is  t o o  t h i c k ,  t h a t  t h e  
temperature at 32 km is  t o o  low, and t h a t  t h e  s t r a t o p a u s e  (50 km) i s  
about 1OK t o o  high. These op in ions  are d e r i v e d  from IGY r o c k e t  d a t a  
ana lys i s .  

P l ans  are under way t o  make a p p r o p r i a t e  r e v i s i o n s  of t h e  ARDC 1959 
Model Atmosphere to conform t o  t h e  l a t e s t  f i n d i n g s  de r ived  from t h e  
o b s e r v a t i o n a l  d a t a  f o r  all a l t i t u d e s  above 11 g e o p o t e n t i a l  k i lome te r s .  

Range of Density Over t h e  Northern Hemisphere 
R e l a t i v e  t o  t h e  ARDC 1959 Model Atmosphere 

For t h e  purpose of t h i s  r e p o r t ,  t h e  ARDC 1959 Model Atmosphere has  
been adopted t o  compare t h e  range of d e n s i t y  v a r i a b i l i t y  ove r  t h e  
Northern Hemisphere. The p r i n c i p a l  sou rces  used i n  o b t a i n i n g  t h e  range 
of d e n s i t y  v a r i a t i o n  over  t h e  Northern Hemisphere r e l a t i v e  t o  t h e  ARDC 
1959 Model Atmosphere are as fo l lows :  

a. 0 t o  30 km References 25, 27, and 29 

b. 30 t o  90 km References 1, 11, 19,  and 22 

c. 90 t o  200 km References 7 ,  8, 10, 12, 16,  17, 23, and 31 

From t h e  s u r f a c e  t o  30 km a l t i t u d e  t h e r e  is abundant atmospheric 
dens i ty  in fo rma t ion  a v a i l a b l e  f o r  t h e  purposes of t h i s  r e p o r t .  Of p a r t i c u -  
l a r  b e n e f i t  were t h e  r e p o r t s  by Vaughan ( r e f .  29) and Sissenwine ( r e f .  2 7 ) ,  

Conference of U . S .  Committee on Extension of t h e  Standard Atmosphere 
Working Group, January 16-17, 1961, Massachusetts I n s t i t u t e  of Technology. 
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which p r e s e n t  f o r  s e l e c t e d  s t a t i o n s  t h e  monthly mean d e v i a t i o n  of 
d e n s i t y  from t h e  ARDC 1959 Model Atmosphere and t h e  v a r i a n c e  of d e n s i t y  
from t h e  monthly values .  

I n  t h e  30 t o  90 km a l t i t u d e  r eg ion ,  i n d i v i d u a l  d e n s i t y  obse rva t ions  
are seldom r e p o r t e d  i n  t h e  l i t e r a t u r e  and one must r e l y  on t h e  summarized 
r e p o r t s  of o t h e r  i n v e s t i g a t o r s .  For t h i s  r e p o r t ,  t h e  i n d i v i d u a l  d e n s i t y  
o b s e r v a t i o n s  f o r  F o r t  C h u r c h i l l  ( r e f .  1) and f o r  White Sands M i s s i l e  
Range (ref. 32) were used. It w a s  from these d a t a  t h a t  t h e  range of 
t h e  d e n s i t y  d e v i a t i o n  from t h e  ARDC 1959 Model Atmosphere w a s  d e t e r -  
mined, as d e p i c t e d  by t h e  s o l i d  curwe i n  f i g u r e  2. The curves l a b e l e d  
(l), (2)  and ( 3 )  i n  f i g u r e  2 r e p r e s e n t  the d e n s i t y  d e v i a t i o n s  from t h e  
ARDC 1959, de r ived  from Nordbgrg's " typ ica l "  low l a t i t u d e  d e n s i t y  pro- 
f i l e s  and " t y p i c a l "  high l a t i t u d e  win te r  and summer p r o f i l e s  (ref. 22). 
Note, however, only t h e  modulus of t h e s e  d e v i a t i o n s  is i l l u s t r a t e d .  The 
high l a t i t u d e  " t y p i c a l "  p r o f i l e s  a r e  based on 10 rocke t  grenade f i r i n g s  
a t  F o r t  Church i l l .  It must be considered t h a t  t h e r e  Ps some d i s p e r s i o n  
i n  t h e  d e n s i t y  about  t h e s e  " t y p i c a l "  winter  p r o f i l e s ,  producing a n  even 
l a r g e r  range of d e n s i t y  v a r i a t i o n s  about t h e  ARDC 1959 d e n s i t y  p r o f i l e .  
A s  a conse rva t ive  e s t i m a t e  of t h e  upper l i m i t  of t h e  d e n s i t y  v a r i a b i l i t y  
w i t h  r e s p e c t  t o  t h e  " t y p i c a l "  w in te r  p r o f i l e ,  t h e  amplitude of t h e  
s e a s o n a l  v a r i a t i o n  was added t o  t h i s  mean and i s  i l l u s t r a t e d  as curve 4, 
i n  f i g u r e  2. S ince  no e v a l u a t i o n  was poss ib l e  t o  assess t h e  e r r o r s  i n  
t h e  i n d i v i d u a l  d e n s i t y  measurements and the d e n s i t y  in fo rma t ion  w a s  
e x t r a c t e d  from many sources ,  t h e  r e s u l t i n g  range of d e n s i t y  r e l a t i v e  
t o  t h e  ARDC 1959 Model Atmosphere must be considered t e n t a t i v e  between 
30 and 100 km a l t i t u d e ,  and i n  t h e  a l t i t u d e  r eg ion  between 100 and 200 
km t h e  d e n s i t y  d e v i a t i o n s  a r e  somewhat speculat ive.  The i s o l a t e d  p a r t s  
a t  110 km and 200 k m  a l t i t u d e s  are taken from Horowitz ( r e f .  8 )  and 
N i c o l e t  ( r e f .  20), r e s p e c t i v e l y .  

For t h e  purpose of a p p l i c a t i o n  of the range of d e n s i t y  d e v i a t i o n  
v e r s u s  a l t i t u d e s  with r e s p e c t  t o  t h e  ARDC 1959 Model Atmosphere, a n  
e m p i r i c a l  formula has been devised s u c h  t h a t  a family of curves  g i v i n g  
t h e  d e v i a t i o n s  v e r s u s  a l t i t u d e  can be determined by a r b i t r a r i l y  s e l e c t -  
i n g  d i f f e r e n t  v a l u e s  f o r  only one parameter. This  equa t ion  is: 

where: 

a = 100, 225, and 400 

b = 0.01842 lan-l 

y = a l t i t u d e  i n  km, 0 = y < 125 lan 

A p r e l  = range of d e n s i t y  from ARDC 1959 Model Atmosphere 
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Of course,  t h e  r e s u l t i n g  d e v i a t i o n s  determined by t h e  above equa- 
t i o n s  are i d e a l i z e d .  By comparing f i g u r e s  2 and 3 it can be seen  t h a t  
t he  curve f o r  &= 20% over-est imates  t h e  range of t h e  d e n s i t y  devia- 
t i o n s  i n  t h e  first 30 km a l t i t u d e ,  probably under-est imates  t h e  devia-  
t i o n  from 40 t o  70 km, and then  exceeds t h e  probable range of d e v i a t i o n s  
above 90 km. 
f o r  c= ,+ lo%, 2 15%, and + 2% ( h e r e a f t e r  r e f e r r e d  as 10, 15, and 
20% curves )  could prove h e l p k  i n  u s i n g  t h e s e  values f o r  space  re- 
en t ry  problems. The 20% curve should r e p r e s e n t  t h e  range of d e n s i t y  
d e v i a t i o n  f o r  t h e  e n t i r e  Northern Hemisphere from t h e  ARDC 1959 d e n s i t y  
p r o f i l e .  The 15% curve should r e p r e s e n t  t h e  range f o r  d e n s i t y  f o r  mid- 
l a t i t u d e s ,  and t h e  10% curve f o r  low l a t i t u d e s .  
used wi th  some r e s e r v a t i o n  f o r  the low l a t i t u d e s  i n  t h e  a l t i t ude  r e g i o n  
f rom 0 t o  30 km, f o r  i t  is known t h a t  t h e  d e n s i t y  d e v i a t i o n  a t  15  km 
a l t i t u d e  over Guam can be as much as 22% h ighe r  t h a n  t h e  ARDC 1959 
d e n s i t y  va lue  (ref. 32). A s  ano the r  example, t h e  annual  mean d e n s i t y  
over P a t r i c k  A i r  Force Base a t  13 km is  13% h ighe r  t h a n  t h e  ARDC value.  
I n  both c a s e s  it i s  t h e  b i a s  t h a t  c o n t r i b u t e s  mainly t o  t h e  v a r i a n c e  
of t h e  t o t a l  range of d e n s i t y  d e v i a t i o n  from t h e  ARDC d e n s i t y  i n  t h e  
upper t roposphe r i c  l e v e l  f o r  t h e s e  low l a t i t u d e s .  
more c l o s e l y  approximate t h e  upper l i m i t  of t h e  range from ARDC 1959 
a t  high l a t i t u d e s  i n  winter t h a n  f o r  any o t h e r  season o r  l o c a t i o n .  

Some q u a l i f y i n g  remarks concerning t h e  range of d e v i a t i o n  

The lO%.curve must be 

The 20% curve should 

Unless one r ecogn izes  t h e r e  are a l t i t u d e s  a t  which t h e  v a r i a t i o n  
of d e n s i t y  i s  a maximum and a minimum, t h e n  t h e r e  is  no b a s i s  f o r  making 
e x t r a p o l a t i o n s  o r  i n t e r p o l a t i o n s  f o r  t h e  va r i ance  of d e n s i t y  v e r s u s  
a l t i t u d e  i n t o  those r e g i o n s  no t  supported by o b s e r v a t i o n a l  data. This  
phenomenon is widely observed and is supported by theo ry  f o r  t h e  f i r s t  
30 km a l t i t u d e ,  and t o  a more l i m i t e d  e x t e n t  above t h i s  a l t i t u d e .  By 
way of a n  analogy with temperature ,  r a d i a t i o n  a b s o r p t i o n ,  e l e c t r o n  
d e n s i t y ,  and from t h e  l i m i t e d  observed d e n s i t y  d a t a ,  t h e  a l t i t u d e s  a t  
which t h e  d e n s i t y  v a r i a t i o n  is  a maximum and minimum are  est imated t o  
be as i l l u s t r a t e d  i n  f i g u r e  4. 

VARIABILITY OF DENSITY WITH LATITUDE, 
SEASONS, AND TIME OF DAY - SECOND APPROACH 

A r e f e r e n c e  atmosphere is a s p e c i a l  purpose atmospheric model based 
on e m p i r i c a l  obse rva t ions  and expressed i n  a n  a n a l y t i c a l  form such t h a t  
the parameters  are i n h e r e n t l y  c o n s i s t e n t  with both t h e  observed quan t i -  
t i e s  and r i g o r o u s l y  connected by phys ica l  equat ions.  
a ,  r e fe rence  atmosphere w a s  p re sen ted  by Smith ( r e f .  28) i n  a r e p o r t  
e n t i t l e d  " A  Reference Atmosphere f o r  P a t r i c k  Air Force Base, Flor ida."  
It is p o s s i b l e ,  a t  least  i n  p r i n c i p l e ,  t o  e s t a b l i s h  a r e f e r e n c e  
atmosphere f o r  space  v e h i c l e  r e -en t ry  which would r e p r e s e n t  t h e  mean 
atmosphere f o r  a g iven  r e -en t ry  f l i g h t  path.  
information would l i m i t  t h e  mean d e n s i t y  to :  

This  concept of 

P r e s e n t  b a s i c  a tmospheric  
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A l t i t u d e  

(b) 

a. L a t i t u d i n a l  v a r i a t i o n  only f o r  a l t i t u d e s  above 30 km. 

Low L a t i t u d e  

* P I  
( % I  

b. Seasonal r e f e r e n c e  pe r iods  f o r  a l t i t u d e s  above 30 km. 

-2 -22 

-1 -28 

2 -38 

-4 -50 

-6 -55 

.4 -48 

c.  X maximum a l t i t u d e  of 90 lan. 

- 11.1 
- t 15.9 
- t 24.3 
- t 32.0 
- t 37.9 
- t 33.3 

d. Only i n f e r r e d  in fo rma t ion  concerning t h e  v a r i a n c e  wi th  
r e s p e c t  t o  t h e  mean dens i ty  f o r  a l l  a l t i t u d e s .  

It is  a n t i c i p a t e d  t h a t  t h e  outcome of t he  first approach as p resen ted  
i n  s e c t i o n  111, and wi th  a d d i t i o n a l  knowledge gained of t h e  c h a r a c t e r -  
i s t i c s  of t h e  space  r e -en t ry  body as t h e  program p rogres ses ,  w i l l  d e t e r -  
mine t h e  f e a s i b i l i t y  of developing a r e fe rence  atmosphere f o r  a p a r t i -  
c u l a r  ope ra t ion .  

As an  i n t e r i m  measure it may be w e l l  t o  cons ide r  t a k i n g  a preview 
of what t h e  expected r educ t ion  of t h e  b i a s  i n  t h e  mean d e n s i t y  would 
be by s e l e c t i n g  a r e f e r e n c e  d e n s i t y  p r o f i l e  over t h a t  of t h e  ARDC 1959 
d e n s i t y .  

Nordberg ( r e f .  22) concludes t h a t  t he  v a r i a t i o n  of t h e  mean d e n s i t y  
from month t o  month is small i n  t h e  a l t i t u d e  r e g i o n  from 30 t o  90 km 
f o r  low l a t i t u d e s  (35degrees  n o r t h  and 35 degrees  sou th ) .  Therefore ,  an  
annual  mean d e n s i t y  p r o f i l e  would r ep resen t  only a s l i g h t  b i a s  i n  t h e  
monthly mean d e n s i t y  f o r  t h i s  region.  Using Nordberg's " t y p i c a l "  low 
l a t i t u d e ,  " t y p i c a l "  high l a t i t u d e  summer and w i n t e r  d e n s i t y  p r o f i l e s ,  
comparisons are made as shown i n  t a b l e  I V .  

TABLE I V  

'JTPICAL LOW AND HIGH LATITUDE SUBdMER AND WINTER DENSITY PROF'ILES 

30 

40 

50 

60 

70 

80 

-10 

-5 

-a 

-12 

-15 

-15 

High La t i tude  I 
Summer Nin te r  I Seasonal  Amplitud 

t = Summer - = Winter 



1 2  

R e l a t i v e  t o  ARDC 1959 
r 

ow l a t i t u d e  - P ARDC 1959) 
p ARDC 1959 

High l a t i t u d e .  summer - p ARDC 1959) 

High l a t i t u d e .  w in te r  - p ARDC 1959) 

High l a t i t u d e  - p summer + w i n t e r  

AP, (%I = ( p  

* P 3  (%I = (P 

p ARDC 1959 

loo p ARDC 1959 - 
) x 100 summer + w i n t e r  

It is r e a d i l y  noted t h a t  t h e  high l a t i t u d e  summer d e n s i t y  p r o f i l e  

The high l a t i t u d e  w i n t e r  d e n s i t y  i s  from 22 t o  55% lower t h a n  
ag rees  with t h e  ARDC 1959 t o  w i t h i n  ,+ 5% f o r  t h e  a l t i t u d e  r e g i o n  30 t o  
80 km. 
t h e  ARDC 1959. 
t han  t h e  w i n t e r  d e n s i t y .  
toward lower v a l u e s  of d e n s i t y  from 20 t o  50% i n  w i n t e r  by u s i n g  t h e  
ARDC 1959 d e n s i t y  p r o f i l e .  
s easona l  amplitude by choosing a n  annual r e f e r e n c e  d e n s i t y  p r o f i l e .  
This r e d u c t i o n  i n  t h e  b i a s  is not  g r e a t ,  bu t  coupled by a r e d u c t i o n  i n  
the  v a r i a n c e  which could be determined wi th  a d d i t i o n a l  obse rva t ions  
t o  permit  f u r t h e r  sub-divis ion of  t h e  r e fe rence  d e n s i t y  t o  summer and 
win te r  should y i e l d  a s u b s t a n t i a l  r e d u c t i o n  i n  t h e  range of t h e  d e n s i t y  
v a r i a t i o n .  

Furthermore, t h e  summer d e n s i t y  is  from 20 t o  50% h ighe r  
There would be a b i a s  i n  t h e  mean d e n s i t y  

T h i s  b i a s  would be reduced t o  t h a t  of t h e  

It is g e n e r a l l y  expected t h a t  t h e  random v a r i a t i o n  of d e n s i t y  a t  
l o w  l a t i t u d e s  exceeds t h e  seasona l  v a r i a t i o n ,  and i n  t h e  high l a t i t u d e s  
t h e  random v a r i a t i o n s  i n  w i n t e r  should exceed t h e  seasona l  v a r i a t i o n .  
This makes i t , d i f f i c u l t  from t h e  l i m i t e d  obse rva t ions  t o  d e s c r i b e  t h e  
l a t i t u d i n a l  v a r i a t i o n  i n  d e n s i t y  f o r  d i f f e r e n t  s easons ,  g e f .  1 6 ) .  The 
g r a d i e n t  of t h e  d e n s i t y  is  p o s i t i v e  from sou th  t o  norti l  i n  t h e  tropo- 
s p h e r e  and lower stratosphere. This  is  v e r i f i e d  by obse rva t ion ,  but  
whether t h e  g r a d i e n t  remains p o s i t i v e  f o r  a l t i t u d e s  up t o  200 km is  as 
ye t  unknown. However, one may hypothesize t h a t  t h e  r e l a t i v e  amplitude 
o f  t h e  seasona l  d e n s i t y  v a r i a t i o n s  i s  negat ive i n  summer from t h e  su r -  
face t o  t h e  upper t roposphere and t h e n  becomes p o s i t i v e  f o r  a l l  a l t i t u d e s  
above t h i s  leve1,and i n c r e a s e s  i n  r e l a t i v e  magnitude from sou th  t o  n o r t h  
with i n c r e a s i n g  a l t i t u d e s  up t o  125 km. For reason of completeness i t  
i s  noted t h a t  r e c e n t  e v a l u a t i o n s  of s a t e l l i t e  d a t a ,  P r i e s t e r g ( r e f .  24) 
r evea l s  a seasona l  v a r i a t i o n  i n  d e n s i t y  i n  t h e  200 t o  600 km region. ’ 
The amplitude o f  t h i s  v a r i a t i o n  is only s l i g h t l y  l e s s  t h a n  t h e  d i u r n a l  
v a r i a t i o n  of d e n s i t y  r epor t ed  by Jacch ia , ( r e f .  93. The day d e n s i t y  is  
higher  t h a n  t h e  n i g h t  d e n s i t y ,  and t h e  summer d e n s i t y  as i n f e r r e d  by 
P r i e s t e r  i s  a l s o  g r e a t e r  t h a n  w i n t e r  d e n s i t y  f o r  t h e s e  a l t i t u d e s .  The 
l a r g e  d i u r n a l  v a r i a t i o n  i n  d e n s i t y  is t h e  predominant observed charac- 
t e r i s t i c  of t h e  atmosphere above 400 km a l t i t u d e  ( s e e  f i g u r e  5). 
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For altitudes up to radiosonde ceiling of about 30 km, the diurnal 
variation is small and can be neglected for most purposes. 

DENSITY MEASUREMENTS AND PREDICTION 
OF DENSITY - THIRD APPROACH 

Observational Methods for Determining Density 

The conventional method of making atmospheric,measurements for the 
first 30 km is the radiosonde. 
scheduled radiosonde measurements taken over the past two decades has 
made it possible to present the main features of the atmosphere struc- 
ture, up to the lower stratosphere. With the ever-increasing demands 
imposed by the development of missiles and satellites there has been 
a rapid development of methods and techniques that extend the measure- 
ment of atmospheric quantities to higher and higher altitudes. The 
IGY has produced emphasis on coordinated scheduling and increasing 
the frequency of upper atmospheric measurements through rocket experi- 
ments. Some of the more recent developments in atmospheric measure- 
ments are summarized in table V. 

The world-wide network of regularly 

In addition to the methods presented above, the observations of 
meteors by radar, doppler methods using pulse or continuous wave tech- 
niques, and radio propagation studies as well as visual and photographic 
observations have produced information on temperature, wind, turbulence, 
diffusion, and density in the altitude region from 80 to 100 km. 
Greenhow reports measurements for density (ref. 5 ) ,  turbulence (ref. 6 ) ,  
and diffusion (ref. 4 )  using meteor tracer technique. 
yields large errors in the individual observation such that a large 
sample is required in order to reduce the physical measurement by 
statistical techniques. 

This method 

It is noted that each of the techniques listed in table V is limited 
in altitude range, and accuracy of measurement, or both. 

There must be an improvement in observational techniques to include 
measuring accuracy, altitude range, frequency of observations, and 
coordinated schedule of observations for a larger number of locations 
before an adequate description of the structure and behavior of the 
atmosphere can be made. These requirements are a prerequisite for 
prediction of atmospheric parameters. 

Prediction or Forecast for Density 

The ultimate goal would be a prediction technique that would be 
superior to that of established statistical means and variances obtain- 
ed from historical data. The facts are that even with the present 
world-wide network of radiosonde observations a five-day forecast for 
specific atmospheric parameters is far from being a reality. The 
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major c o n t r i b u t i o n  a f o r e c a s t  f o r  t h e  atmospheric d e n s i t y  t o  t h e  space 
v e h i c l e  r e - e n t r y  problems would be t o  reduce t h e  v a r i a n c e  and b i a s  which 
are i n h e r e n t  i n  t h e  proposed second approach, i. e., t h e  e s t ab l i shmen t  
o f  r e f e r e n c e  atmospheres. 

It i s  i n  t h e  high l a t i t u d e s  and i n  t h e  a l t i t u d e  r eg ion  nea r  50 km 
t h a t  t h e  l a r g e s t  random* v a r i a t i o n  o f  d e n s i t y  is known t o  occur. 
s a t e l l i t e  a l t i t u d e s  v a r i a t i o n s  i n  d e n s i t y  have been a s s o c i a t e d  wi th  
v a r i a t i o n s  of s o l a r  f l u x  (ref .  9), but  t h e  magnitude o f  t h e  v a r i a t i o n s  
r e l a t i v e  t o  t h o s e  a t  50 km has no t  been e s t ab l i shed . )  There are occas ions  
i n  l a t e  win te r  and e a r l y  s p r i n g  du r ing  which a l a r g e  organized w a r m  mass 
o f  a i r  moves from east t o  west at h igh  l a t i t u d e s  i n  t h e  upper s t r a t o -  
sphere. Th i s  phenomenon i s  r e f e r r e d  t o  as abrupt  warming, and was f i r s t  
r e p o r t e d  by Sherhag i n  1951 and 1952. One r e p o r t  ( re f .  32) d e s c r i b i n g  
t h e  occurrence o f  s t r a t o s p h e r i c  warming over  F o r t  C h u r c h i l l  du r ing  a two- 
day period, January 27-29, 1958, r e p o r t s  t h a t  t h e  d e n s i t y  a t  50 km a l t i -  
tude  i n c r e a s e d  799, over  t h a t  o f  January 27. An o r d e r  o f  magnitude f o r  
t h e  temperature  v a r i a t i o n  du r ing  per iods o f  s t r a t o s p h e r i c  warmings i s  
suggested t o  be 47K by Nordburg ( re f .  22). It i s  premature t o  suggest  
t h a t  t h e  magnitude and per iods o f  t h e s e  outbreaks could be predicted.  

( A t  

CONCLUSIONS AND RECOMMENDATIONS 

The range o f  d e n s i t y  d e v i a t i o n  v e r s u s  a l t i t u d e s  wi th  r e s p e c t  t o  t h e  
ARM: 1959 Model Atmosphere can be summarized from f i g u r e s  2 and 3 f o r  
s p e c i f i c  a l t i t u d e s  as shown below i n  t a b l e  VI .  

Table V I  

*The r e f e r e n c e  t o  random v a r i a t i o n  as used here i s  t o  i n f e r  t h a t  t h e  
q u a n t i t y  i s  n o t  s e q u e n t i a l l y  p r e d i c t a b l e  for  a long p e r i o d  of t i m e .  
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a. The lHo curve f o r  range of d e n s i t y  should be used f o r  
low l a t i t u d e s  below 35 degrees  N both summer and w i n t e r ,  
and f o r  high l a t i t u d e s  above 55 degrees  N i n  summer. 

b. The 15% curve f o r  range of d e n s i t y  should be used f o r  
m i d - l a t i t u d e s  summer and winter .  

c. The 20% curve f o r  range of d e n s i t y  should be used f o r  
high l a t i t u d e s  i n  win te r  and f o r  t h e  e n t i r e  Northern 
Hemisphere. 

It  i s  recommended t h a t  t h e s e  i d e a l i z e d  d e n s i t y  cu rves  be used t o  
d e p i c t  t h e  amplitude of t h e  d e n s i t y  range r e l a t i v e  t o  t h e  4RDC 1959 
Model Atmosphere f o r  space r e -en t ry  s t u d i e s  u n t i l  more p r e c i s e  knowledge 
of t h e  s t r u c t u r e  of atmospheric d e n s i t y  becomes a v a i l a b l e .  

The f a c t  t h a t  t h e r e  are two a l t i t u d e  r eg ions  of maximum wind should 
be considered as a p o t e n t i a l  problem area r e l a t i v e  t o  t h e  space v e h i c l e  
re-entry s t u d i e s .  These a l t i t u d e  r e g i o n s  f o r  t h e  Northern Hemisphere 
a r e  5 t o  15 km, and 50 t o  75 km. I n  t h e s e  two r eg ions ,  t h e  mean wind 
f o r  some l a t i t u d e s  can be i n  t h e  o r d e r  of magnitude of 50 m/sec and 
100 m/sec, r e s p e c t i v e l y .  
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